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During serial undiluted passage of a clonal population of foot-and-mouth disease virus (FMDV C-S8c1) in BHK-21 cells,
two species of defective RNA were generated and selected. Sequence analysis revealed that they included deletions within
the L-coding region, and retained the correct reading frame for viral protein synthesis. These deleted RNAs directed the
synthesis of capsid protein VP1, were packaged in particles sedimenting with standard virus, required homologous infectious
helper virus in order to produce viral particles, but did not interfere with the replication of helper virus. While detection of
defective particles in FMDV required more than 100 serial passages, once produced, these defective RNAs could be stably
maintained upon further passages in the FMDV C-S8c1 quasispecies. Furthermore, a high fitness, monoclonal-antibody-
resistant virus was able to replace the standard virus and support the amplification of the deleted particles. This is the first
description of naturally occurring, defective particles of FMDV. q 1996 Academic Press, Inc.
INTRODUCTION cells. The deletions were generally heterogeneous in
size and were mapped within the genomic region encod-
Defective interfering (DI) particles are naturally oc- ing capsid polypeptides (Kuge et al., 1986; Schlesinger,
curring deletion mutants that may arise upon serial pas- 1988). Prior to the present study, DI particles of picornavi-
sage at high multiplicity of infection (m.o.i.) of nearly all
ruses were described for poliovirus (Cole et al., 1971;
virus groups (Schlesinger, 1988; Holland, 1990). Charac-
Cole and Baltimore, 1973a,b; Nomoto et al., 1979; Lund-
teristically, as first delineated by Huang and Baltimore
quist et al., 1979), Mengovirus (McClure et al., 1980),
(1970), DI particles lack part of the viral genome, become
encephalomyocarditis virus (Radloff and Young, 1983),packaged within the usual structural proteins, but can
and hepatitis A virus (Nuesch et al., 1988, 1989), but notreplicate and/or be encapsidated only with the help of a
for foot-and-mouth disease virus (FMDV).standard virus. DI particles often interfere specifically
FMDV is a picornavirus that causes an economicallywith the helper virus by replicating at its expense, can
important disease of farm animals. The virus conformsinfluence virulence (Holland and Villarreal, 1974; Cave et
to a quasispecies genetic structure in that FMDV popula-al., 1985; Atkinson et al., 1986), and can affect the out-
tions consist of fluctuating distributions of genetic vari-come of infections in cell culture in ways which are often
ants (reviewed in Domingo et al., 1992). The viral genomeunpredictable (Kirkwood and Bangham, 1994). Genera-
is a 8.3-kb single-stranded positive-polarity RNA mole-tion of DI genomes is thought to occur mainly by nonho-
cule which encodes a single open reading frame initiatedmologous genetic recombination, probably by a copy-
from an internal ribosome entry site (Belsham and Brang-choice or loop-out mechanism (Lundquist et al., 1979;
wyn, 1990; Kuhn et al., 1990). Within the PicornaviridaePerrault, 1981; Kuge et al., 1986; Holland, 1990). With
family, FMDV is unique in having a protease as the firstsome exceptions (Cole and Baltimore, 1973a,b), many
component of the virus-encoded polyprotein. This leaderserial passages of picornaviruses were generally re-
(L) gene contains two potential in-frame initiation codonsquired before DIs became readily detectable. Radloff and
which encode proteins defined as Lab and Lb. Recently,Young (1983) could isolate DIs of encephalomyocarditis
Piccone and co-workers have demonstrated, by usingvirus after 40 to 68 passages, depending on the host cell
genetically engineered viruses, that the L gene is appar-used. McClure et al. (1980) described the appearance of
ently not required for growth of FMDV in tissue cultureMengovirus DI particles after 62 passages in BHK-21
(Piccone et al., 1995c).
In this article we report the generation and character-
1 Present address: Howard Hughes Medical Institute, University of ization of leader-deleted defective FMDV RNAs whichCalifornia, San Francisco, CA 94143-0128.
have been derived by long-term serial undiluted passage2 To whom correspondence and reprint requests should be ad-
dressed. Fax: 34-1-3974799; E-mail: EDomingo@mvax.cbm.uam.es. of FMDV C-S8c1 virus in BHK-21 cells.
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MATERIALS AND METHODS region)]. The oligonucleotide used to probe specifically
standard C-S8c1 RNA in dot blot assays was 5*CAGCAA-
Cells, viruses, and infections GACACATGTCCGT [complementary to positions 1444 to
1426 (L-coding region)]. The oligonucleotides were fromThe origin of cloned BHK-21 cells, of the three-times
Isogen Bioscience bv (Amsterdam, The Netherlands).plaque-purified FMDV C-S8c1, as well as procedures for
cell growth, infections with FMDV, and plaque assays
Immunological assayshave been previously described (Domingo et al., 1980;
Sobrino et al., 1983; de la Torre et al., 1985; Sa´iz et al.,
The origin of monoclonal antibody (MAb) SD6, proce-
1991; Borrego et al., 1993). Duplicate serial passages of
dures for selection of SD6-resistant mutants using ascitic
FMDV C-S8c1 involved a m.o.i. of about 2–4 plaque-
fluid, neutralization assays, and enzyme-linked immu-
forming units (PFU)/cell up to passage 143, and about
noelectrotransfer blot (EITB) (Western blot) assays have
4–8 PFU/cell up to passage 213; when the m.o.i. is not
been previously described (Mateu et al., 1987, 1989,
specified, BHK-21 cells were infected at a 2–4 PFU/cell.
1990).
Serial passage at low m.o.i. involved 2–4 1 1003 PFU/
cell.
RESULTS
FMDV purification Detection of deleted RNA molecules upon passage of
foot-and-mouth disease virus at high multiplicity ofFMDV particles were purified as described (Dı´ez et al.,
infection in BHK-21 cells1990). For immunological assays the virus was concen-
trated through a sucrose cushion (Mateu et al., 1987). FMDV C-S8c1 was serially passaged in duplicate, and
without any dilution, in BHK-21 cells. At passage 143 ofRNA analysis
each series (A and B), viral RNA was extracted from the
culture medium and the possible presence of deletedRNA was extracted from purified virions or from super-
natant of an infected cell monolayer by treatment with 1 genomic forms was analyzed. In order to screen most of
the genomic RNA, RNA extracts were amplified by RT-mg/ml proteinase K in the presence of 0.5% SDS for 20 min
at 377 and 10 min at 457, followed by extensive phenol PCR using various pairs of primers which covered all the
C-S8c1 genome except the internal poly(C) and the 3*-extractions and two ethanol precipitations. Procedures
for dot blot hybridizations of intracellular RNAs, cDNA terminal poly(A) tracts (Fig. 1). RT-PCR amplifications (Ta-
ble 1) revealed that population Ap143 included two RNAsynthesis using reverse transcriptase followed by PCR
amplification by Taq polymerase (RT-PCR), and sequenc- species smaller than the standard C-S8c1 RNA. Four
independent RT-PCR amplifications using four differenting of PCR products using the fmol method (Promega)
have been previously described (de la Torre et al., 1985, primer pairs were consistent with the same deletions
spanning the Lb-coding region (Table 1 and Fig. 1). These1988; Rodriguez et al., 1992; Escarmı´s et al., 1995). The
oligonucleotides used for cDNA synthesis and sequenc- deletions were not detected in either the initial C-S8c1
or the Bp143 population (Table 1).ing of the L protease gene were 5*AGGCCGCCACCT-
TTCCTTTA [spanning positions 1005 to 1024 (5*UTR)] To investigate whether these deletions were present
at passages earlier than 143, the Lb-coding region wasand 5*CCCTTGAGCTTTCGCT [complementary to posi-
tions 1643 to 1628 (L-coding region)]. The FMDV C-S8c1 selectively amplified by RT-PCR from RNA extracted from
the preceding passages (amplification 6 in Table 1 andgenomic residues are numbered from the 5*-end (the
terminal uridine linked to VPg is assigned No. 1) ignoring Fig. 1). The two smaller RNA molecules appeared in low
proportion at passage 114, and their amount increasedthe poly(C) tract because of its variable length (Escarmı´s
et al., 1992). In this new numbering system, the adeno- during the 9 next passages, and persisted in high
amounts in subsequent passages (Fig. 2A). Thus moresine of the first functional AUG codon is No. 1039, and
the first nucleotide of the capsid coding region (the gua- than 100 passages of C-S8c1 at high m.o.i. were neces-
sary to detect deleted RNA molecules.nosine of the first GGA triplet encoding the N-terminus
of VP4) is 1642. When appropriate we will compare the In view of the position of the RNA deletion deduced
from the RT-PCR results, the Lab-coding region of thenew numbering to that of individual genes used in previ-
ous papers. The oligonucleotides used for RT-PCR ampli- amplified products was sequenced as described under
Materials and Methods to determine the nature of thefication and sequencing of the GH loop of VP1 gene were
5*ACACAGTACACCGGGAC [spanning positions 2842 to genomic alterations. Three amplification products, one
corresponding to the standard RNA amplification, were2858 (VP3-coding region)], 5*GAGAAGAAGAAGGGC-
CCAGGGTTG [complementary to positions 3896 to 3873 separated by agarose gel electrophoresis and purified
prior to sequencing. The results confirmed the presence(2A–2B-coding region)], and 5*GCACGCTTCATGCGCAC
[complementary to positions 3743 to 3727 (VP1-coding in Ap143 of two shorter RNA species with a deletion
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FIG. 1. Detection of genomic alterations by mapping CS8c1 RNA by RT-PCR. A map of the FMDV genome is given at the top. The lines indicate
noncoding regions, including the 5* untranslated region (5*UTR) containing an internal polyribocytidylate [poly(C)] tract and the 3*UTR containing a
terminal polyadenylate [poly(A)] tract. Boxes indicate the positions where mature viral proteins are encoded. The two initiating AUG codons which
give rise to the two forms of the L protease, Lab and Lb, are indicated. The diagram below the map shows the RT-PCR amplification products
covering the C-S8c1 genome except the poly(C) and poly(A) tracts. The positions of the primers used and the size of the expected amplification
products with C-S8c1 RNAs as template are indicated in Table 1. RT-PCR amplifications which detected genomic alterations are depicted as thick,
discontinuous lines.
within the Lb-coding region (Fig. 2B). The larger deletion due to terminal redundancy of two nucleotides at the 5*
and 3* sides of the deletion. Except for the deletions, theremoved 417 nucleotides, from positions 1153 to 1571
(Del 1 in Fig. 2B), which resulted in the loss of 139 amino remaining Lab-coding region had a nucleotide sequence
indistinguishable from that of C-S8c1 RNA (Martı´n-Herna´n-acids from the Lb protein. The joining of nucleotides 1153
and 1571 across the deletion generated a new methio- dez et al., 1994) or from that of the standard RNA ampli-
fied from population Ap143. No mutations were detectednine codon, and did not disrupt the open reading frame.
The smaller deletion removed 402 nucleotides, from posi- in the L-coding region of the deleted RNAs after 90 addi-
tional serial passages of Ap143 at high m.o.i.tions 1183 or 1185 to 1586 or 1588 (Del 2 in Fig. 2B),
which resulted in the loss of 134 amino acids from Lb,
Packaging of the deleted RNA moleculesleaving the upstream and downstream residues intact
(Fig. 2B). The precise junction in Del 2 was uncertain
The presence of the deleted RNA populations in the
culture medium suggested that these RNAs were encap-
TABLE 1 sidated. However, it could be considered that they were
protected from RNase degradation by other types of pro-Summary of the Genomic Alterations Detected by RT-PCR Amplifi-
tein complexes. To determine whether deleted RNAscation of RNA Purified from C-S8c1 Passaged at High m.o.i. in BHK-
21 Cells were packaged, BHK-21 cells were infected at high m.o.i.
with Ap143. After complete cytopathic effect, the resulting
Appearance of
virus was purified as described under Materials andgenomic
Methods and the distribution of infectivity was deter-Position of the primersb Size of alterationd
mined by plaque assay of each sucrose gradient fraction.productc
Amplificationa Sense Antisense (pb) Ap143 Bp143 A representative density gradient profile is shown in Fig.
3A. To examine the presence of the deleted RNAs in
1 1–21 367–348 367 0 0
the purified viral particles, RNA extracted from various2 368–388 4189–4168 3822 / 0
gradient fractions was subjected to RT-PCR suitable for3 368–388 1844–1827 1477 / 0
detection of the deleted forms (amplification 6 in Table4 368–388 973–955 605 0 0
5 1063–1081 1643–1628 582 / 0 1). The gradient profile obtained by RT-PCR amplification
6 1063–1081 1844–1827 781 / 0 revealed colocalization of the standard and deleted RNAs
7 1692–1710 4189–4168 2498 0 0
with infectivity (Fig. 3). These results showed that the8 3573–3594 5699–5678 2115 0 0
deleted RNAs were encapsidated in particles with sedi-9 5344–5353 6609–6589 1266 0 0
mentation properties indistinguishable from those of10 5971–5991 8115–8092 2145 0 0
standard C-S8c1.
a Designation of the RT-PCR amplification according to Fig. 1.
b Position of the primers used in the FMDV C-S8c1 genome. Helper-virus-dependent nature of the Ap143 deletedc Size of the expected product according to the C-S8c1 RNA se-
virusesquence.
d Ap143 and Bp143 are the two C-S8c1 populations passaged 143
To investigate whether amplification of the deletedtimes as described under Materials and Methods, (/) indicates the
particles was dependent on the replication of helper vi-presence of genomic alterations in addition to the expected standard
product, (0) indicates the absence of genomic alteration. rus, BHK-21 cells were infected with Ap143 population
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FIG. 2. (A) Detection of the two deleted FMDV RNA molecules by RT-PCR. Viral RNA from the indicated passages (above the corresponding
lanes) from series A was extracted and the L-coding region was amplified by RT-PCR using oligonucleotides spanning residues 1063 to 1081 at
the 5*-end of the Lab-coding region and 1844 to 1827 at the 3*-end of the VP4-coding region (amplification 6 in Table 1 and Fig. 1). The filled arrow
indicates the position of the expected band and its length in base pairs. The open arrow indicates the position of the smaller amplification products.
st, RT-PCR amplification of the initial C-S8c1 RNA. M, molecular size markers, HindIII-digested f29 DNA; the corresponding sizes (bp) are indicated
at the right. The amplification products were analyzed by electrophoresis in a 2% agarose gel and stained with ethidium bromide. (B) Schematic
representation of the deletions found in the two FMDV RNA species. An outline of the L-coding region is shown including the location of the two
initiation codons. Del 1 spans nucleotides 1154 to 1570, and Del 2 spans nucleotides 1184 to 1585 and/or 1186 to 1587 (hatched lines). The two
deletions are in frame. Del 2 does not disrupt the open reading frame, whereas the junction site of Del 1 generates a new methionine codon. The
size of the standard and of deleted Lb-coding regions, and of the encoded proteins, are indicated on the right.
at m.o.i. of 2, 0.2, 0.02, and 0.002. Such a decreasing input two amplified forms. Therefore, Ap143 contains a larger
molar amount of Del 1 than of helper RNA, since its PCRm.o.i. should reduce the proportion of deleted particles if
their amplification is dependent on the standard virus. titer is higher than that of the standard virus when Ap143
infects at high m.o.i. (see Table 2).When the cytopathic effect was complete, RNA was ex-
tracted, and serial dilutions of the RNA were analyzed As an extension of the dilute inocula experiments,
plaque assay was performed with Ap143 virus stock inby RT-PCR. The level of the different RNA species was
estimated from the dilution at which a DNA product was an attempt to biologically clone a possible virus con-
taining the deleted RNA species. No deleted RNA wasno longer visible by ethidium bromide fluorescence (Ta-
ble 2). Amplification products of the Del 1 species were detected by RT-PCR analysis from RNA extracted from
100 individual plaques (data not shown), consistent withnot detectable at a 1005, 1004, or 1003 dilution from the
supernatant of an infection at m.o.i. of 2, 0.2, or 0.02, the loss of the deleted species following an infection at
low m.o.i. Taken together, these experiments suggestrespectively. The first negative dilution for the Del 2 spe-
cies was 1003 or 1002 for a m.o.i. of 2 or 0.2, respectively, either that the Lb-deleted RNA molecules are noninfec-
tious or that they have an exceedingly low infectivity com-and no product was detected upon infection at a m.o.i.
of 0.02 using undiluted RNA. With a m.o.i. of 0.002, both pared with the helper FMDV. Thus, they depend on the
co-infection with standard virus to complete an infectiousdeleted RNA species remained undetectable, even using
undiluted RNA as template. In contrast, amplification cycle and to become detectable in FMDV populations.
products of the standard RNA species were detectable
at all m.o.i. tested. The results suggest that Del 1 RNA No detectable interfering activity of the Lb-deleted
was present at higher levels than Del 2 RNA in the FMDV defective particles on the replication of helper
Ap143 quasispecies. To test whether the difference in standard virus
length between the amplified products of standard and
Del 1 RNA could affect the estimate of the proportion of Naturally occuring picornavirus defective particles
may interfere with the production of standard particlesthe two RNA species in population Ap143, we performed
a reconstruction experiment. Mixtures of C-S8c1 and Del by competing for cellular machinery, viral maturation, or
assembly of viral capsids (Holland, 1990). To determine1 amplified DNAs (amplification 6 in Tables 1 and 2)
were serially diluted and further amplified. The PCR titer whether the defective particles from Ap143 could inter-
fere with standard C-S8c1, BHK-21 cells were infectedreflected approximately the initial proportion of the two
cDNAs, in spite of the difference in length between the either with the complete Ap143 population or with Ap143
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TABLE 2
PCR Titer of the Standard and Deleted RNA
Species at Different m.o.ia
m.o.i.
Amplified viral
RNA species 2 2 1 1001 2 1 1002 2 1 1003
Standard 1004 1005 1005 01005
Del 1 1005 1004 1003 0
Del 2 1003 1002 0 0
a BHK-21 cells were infected with Ap143 at the indicated m.o.i. (2 to
2 1 1003PFU per cell). After complete cytopathic effect, RNA was puri-
fied from the culture medium, and dilutions of the RNA extracts were
subjected to RT-PCR analysis. The oligonucleotides used for the RT-
PCR are the same as for amplification 6 on Table 1. PCR titers are
given as the first RNA dilution at which a DNA product was no longer
visible by ethidium bromide fluorescence. No visible product with undi-
luted RNA is designated by a minus sign.
did not modify the composition of the RNA virus species
in the progeny, as judged by RT-PCR amplification. The
three additional passages at low multiplicity needed to
deplete Ap143 of defective RNAs did not have any effect
on virus yield and development of cytopathic effect of
the standard virus, as documented with Bp143 used as
a control (Fig. 4B).
The intracellular RNAs in cells infected by standardFIG. 3. Analysis of encapsidation of virus genomic RNAs from FMDV
virus alone or in presence of the deleted RNA speciesAp143. (A) Representative sucrose density gradient profile of the FMDV
Ap143 preparation. Virus particles were purified as described under were also examined. RNA from cytoplasmic extracts was
Materials and Methods. The distribution of infectivity was measured prepared at different times postinfection, applied to nitro-
by plaque assay of each gradient fraction. Titers are given in PFU per
cellulose in a slot blot format, and hybridized to a 32P-milliliter per infected cell. (B) Detection of RNAs by RT-PCR in the
labeled oligonucleotide probe which could not hybridizefractions of the sucrose gradient sedimentation of Ap143. RNA was
extracted from 7 of the 17 gradient fractions (solid bars in A), and
analyzed by RT-PCR with oligonucleotide primers spanning nucleotides
1063 to 1081 and 1844 to 1827 (Table 1). The number of PCR cycles
was reduced so that the amount of PCR product obtained was propor-
tional to the input RNA. Gradient fractions from which the RNA was
analyzed are indicated above the corresponding lanes. Amplification
products corresponding to the standard C-S8c1 (St) and to the deleted
RNAs (Del) are shown. M, molecular size markers, HindIII-digested
f29 DNA; the corresponding sizes (bp) are indicated at the left. The
amplification products were analyzed by electrophoresis in a 2% aga-
rose gel stained with ethidium bromide.
depleted of defective RNA species by three successive
passages at low m.o.i. Samples of the culture medium
were taken at different times postinfection, and the
FIG. 4. Viral production of infectious particles in the presence (openamount of standard virus present was determined by
circles) or absence (filled circles) of particles with deleted RNA. (A)
plaque assay. As a control, the same experiment was Viral population Ap143 was adsorbed onto BHK-21 cells for 1 hr at a
conducted with Bp143 and Bp143 passaged three times m.o.i. between 2 and 5. Monolayers were then washed and incubated
at 377. The amount of virus released into the culture medium at theat low m.o.i. One-step growth curves revealed that the
indicated times was determined by plaque assay. The last point ofstandard virus was released from BHK-21 cells at the
each curve corresponds to complete cytopathic effect (more than 90%same rate independently of the presence of the deleted
of cells rounded up and detached). (B) Bar representation of the same
viruses (Fig. 4A). All virus populations produced complete experiment performed with Bp143 virus stock. Open bars, Bp143; solid
cytopathic effect at 10 ({2) hr postinfection at a m.o.i. of bars, Bp143 passaged consecutively three times at low m.o.i. Results
are the average of two independent experiments.2 to 5 PFU per cell. The completion of the infectious cycle
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to Del 1 or Del 2 RNAs (see Materials and Methods).
Again, deleted RNAs did not interfere with the replication
of standard viral RNA (data not shown). From the propor-
tion of Del 1 and standard RNA estimated in Ap143 (see
above) we can conclude that no interference by the de-
leted RNAs was observed even when the latter was pres-
ent in larger molar amounts than the standard RNA. How-
ever, we cannot exclude that a larger excess of the de-
leted forms could cause some interference.
Lb-defective RNAs generate capsid proteins
To gain insight into the relationship between the de-
leted RNAs and the standard virus, we devised a popula-
tion replacement experiment to allow us to distinguish
the viral capsid proteins of the defective RNAs from those
of the helper virus. To this aim, a genetically marked,
high fitness FMDV mutant was mixed with Ap143 con-
taining the defective particles, to promote the replace-
ment of the helper standard virus by the marked mutant
during serial rounds of replication. To derive a marked
FMDV clone with fitness higher than that of Ap143, a
mutant resistant to MAb SD6 (MAR mutant) (Mateu et al.,
1990) was selected from population Ap213, the result of
subjecting Ap143 to 70 additional passages in BHK-21
FIG. 5. Displacement of the helper virus by a high fitness MAR mutantcells (Fig. 5A). The defective RNA species were lost dur-
in the population Ap143. (A) FMDV P1 genome fragment depicting theing the cloning selection of the MAR mutant and the
GH loop and neighboring VP1 residues of C-S8c1. The single-letter
fitness of cloned MAR mutant was further increased by amino acid code is used. The approximate location of epitope corre-
five additional passages in cell culture (virus progeny sponding to the neutralizing MAb SD6 is indicated by the thick line
referred to as MAR). A mixture of MAR and Ap143 popula- (numbering refers to amino acid positions in VP1) (Mateu et al., 1990).
(B) Amino acid sequence of Ap143, Mix, Mix(Lm), and MAR, as deducedtions was seeded onto BHK-21 cells and allowed to com-
from the corresponding nucleotide sequences. The origin of these viralpete during three serial infections at high m.o.i. in BHK-
populations is described in the text. L/S represents a mixed population.
21 cells, to yield a virus population referred to as Mix. The phenotype (wild type or resistant to SD6) of each viral population
This latter population was further passaged three times was determined by plaque assay in BHK-21 cells in the presence or
at low m.o.i. to eliminate the defective particles and to absence of MAb SD6. Neutralization assays were carried out as de-
tailed under Materials and Methods. WT, complete PFU reduction withascertain the identity of the helper virus in Mix. This
a 10-fold dilution of MAb SD6 ascitic fluid; Res, no PFU reduction withyielded population Mix(Lm). Analysis of the Lb-coding
up to a twofold dilution of MAb SD6 ascitic fluid. (C) Immunoelectropho-
region selectively amplified by RT-PCR revealed the pres- retic analysis of VP1 proteins. Equal amounts of virions, equivalent to
ence of the deleted species from RNA extracted from 3 mg of VP1 (except lane 1, 1 mg), were subjected to SDS–PAGE in
Mix, whereas such species were not detected in RNA 11% polyacrylamide–8 M urea gels. The gel was blotted onto nitrocellu-
lose and probed with a fivefold dilution of MAb SD6 ascetic fluid asextracted from Mix(Lm). The MAR phenotype of the differ-
previously described (Mateu et al., 1987). Lanes 1, C-S8c1; 2,ent population was determined by incubation with a 10-
Ap143(Lm); 3, Ap143; 4, Mix; 5, Mix(Lm); 6, MAR, virions. The arrow
fold dilution of MAb SD6 prior to plaque assay. This dilu- indicates the VP1 proteins, showing a difference in mobility in Ap143,
tion of MAb decreased by more than 98% the number of Mix, and Mix(Lm) populations due to amino acid replacements (C.
plaques produced by Ap143, and did not affect the PFU Escarmı´s, unpublished results).
produced by MAR, Mix, and Mix(Lm) (Fig. 5B). Since the
defective particles are not infectious, the neutralization
assays indicate that the population replacement had Leu-144 r Ser in VP1, was found in MAR, Mix, and
Mix(Lm) populations (Fig. 5B). Population Mix revealedbeen achieved. To confirm that the dominant virus con-
tained the MAR mutation, viral RNA from each population a double band in the sequencing gel indicating a mixed
population of MAR and C-S8c1 RNA. Since the sequenc-was purified and the RNA encoding the relevant VP1
region was sequenced (Fig. 5B). In agreement with the ing gel corresponding to Mix(Lm) revealed the presence
of only MAR RNA, the C-S8c1 RNA in Mix was attributedresults of neutralization assays of infectivity, virus with a
sequence diagnostic of C-S8c1 was present in Ap143, to the presence of defective RNA species. These data
indicate that the standard virus was replaced by the highwhereas mutant RNA, corresponding to replacement
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fitness MAR mutant in population Mix, and that this latter teins and infectious particle formation (Piccone et al.,
1995c). The inability to isolate infectious virus with thecould support replication of the defective RNA.
The ability of defective RNAs to produce capsid pro- deletion in the L gene agrees with the results of Piccone
et al. (1995c). A cDNA construct without the L gene wasteins was evaluated by reactivity of virion proteins with
MAb SD6 in EITB (Western blot) assays. As a control, C- infectious only when the polyprotein was expressed from
the second AUG. In addition a cDNA construct similarS8c1 and Ap143 which had lost the defective species by
three passages at low m.o.i. [referred to as Ap143(Lm)], to our defective RNA, with a smaller deletion, was not
infectious either. However, the open reading framewere also included in these assays. VP1 was recognized
by MAb SD6 in virion proteins of Mix as well as of C- allowing the synthesis of a truncated polyprotein was
maintained in the two deleted species (Fig. 2B). DI RNAsS8c1, Ap143, and Ap143(Lm) populations (Fig. 5C). In
contrast, as suggested by the neutralization assays, the of poliovirus and coronavirus often maintain open read-
ing frames (Kaplan and Racaniello, 1988; Hagino-Yama-replacement Leu-144 r Ser resulted in the loss of the
epitope recognized by MAb SD6 in Mix(Lm) and MAR gishi and Nomoto, 1989; Makino et al., 1990; de Groot et
al., 1992), and it has been suggested that such protein-virion populations (Fig. 5C). The reduced immunoreactiv-
ity in VP1 of Mix agrees with the presence of the double coding potential may confer a selective advantage to
the DIs (Bangham and Kirkwood, 1993). A populationband in the sequencing gel, and demonstrates a mixed
phenotype with regard to the VP1 reactivity (Fig. 5). The replacement experiment that took advantage of a high
fitness MAR mutant of FMDV documented that the poly-different migration of VP1 from Ap143, Ap143(Lm), and
Mix, respectively, to C-S8c1, is a consequence of amino protein encoded by the deleted forms generated capsid
protein VP1. This experiment also showed that the de-acid substitutions accumulated during the passage of
the virus in cell culture (C. Escarmı´s, unpublished results, leted forms of FMDV RNAs could be transferred to be
dependent on a different helper.and manuscript in preparation) (Fig. 5C). In conclusion,
the defective FMDV RNAs express capsid protein VP1. Only one of two parallel passage series of FMDV
C-S8c1 generated deleted RNAs, which were only de-
tectable by passage 114. It is not clear why defective parti-DISCUSSION
cles of FMDV C-S8c1 are so difficult to detect. One possibil-
ity is that replication of defective RNA, and its amplificationAlthough the isolation of FMDV defective particles was
to become detectable with a helper RNA, is only compatiblenot previously described, de la Torre et al. (1985) de-
with limited numbers of precise deletions occurring withtected by Northern blot analysis the presence of deleted
low frequency. Amplification of the deleted RNAs seemsRNAs in persistently infected BHK-21 cells, but attempts
to require also a conserved nucleotide sequence. This isto characterize such deleted RNAs failed. Here we have
suggested by the absence of mutations at the genomicreported the generation and amplification of defective
regions encoding nonfunctional fragments of L (Fig. 2), evenFMDV particles upon high multiplicity passage of FMDV
at third base positions, after 90 additional passages at highC-S8c1 in BHK-21 cells. Sequence analysis of the deleted
m.o.i. As suggested previously (McClure et al., 1980; RouxRNAs enabled the precise location of the deletions,
et al., 1991) the host cell type may also exert an importantwhich occurred between nucleotides 1153 and 1588 in
influence in the frequency of generation of defective RNAs.the Lb-coding region, representing approximately 5% of
The FMDV defective particles we have described con-the FMDV genome.
tained information for replication and expression of cap-Among the picornaviruses, only aphthoviruses contain
sid proteins. Therefore, they provide potentially usefulan active leader L protease, which is produced in two
helper-dependent vectors to express foreign genes indistinct forms, termed Lab and Lb, exhibiting similar ac-
place of the Lb protease. Aphthoviruses, like other picor-tivities (Belsham, 1992; Medina et al., 1993; Cao et al.,
naviruses, are attractive systems for the development of1995). L protein promotes its removal (autocatalytically
recombinant vaccines because their RNA genomes arein cis or in trans) from the amino-terminus of the viral
expressed exclusively in the cytoplasm of infected cells.polyprotein (Strebel et al., 1986; Medina et al., 1993; Pic-
Initial reports indicate that these experimental ap-cone et al., 1995a,b,c), and mediates cleavage of the cap-
proaches are indeed viable (Altmeyer et al., 1994; Andinobinding protein p220, contributing to the shutoff of host
et al., 1994; Zhang et al., 1995). However, it remains to becell protein synthesis (Devaney et al., 1988). The inability
determined whether the inserts added to express foreignto rescue Lb-deleted FMDV as an infectious entity is
antigens will be genetically as stable as observed in theconsistent with the finding that the deletion sites include
deleted forms of FMDV or as variable as predicted fromthe active-site residues of the L protease (Roberts and
the error-prone nature of viral RNA replication.Belsham, 1995; Piccone et al., 1995b), precluding the self-
removal of the deleted L protease from the N-terminus of ACKNOWLEDGMENTS
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